The objective of this work was to analyze the effects of thermosonication (TS) on induction of a viable but non-culturable (VBNC) state in Salmonella Typhimurium and to examine incubation factors affecting subsequent resuscitation of cells. A TS treatment of 380 W at 53
INTRODUCTION
Foodborne pathogens have a notable effect on human health and can cause enormous financial losses. In 2015, 26 European countries reported a total of 4362 foodborne outbreaks, which caused 45 874 cases of foodborne illnesses, 3892 hospitalizations and 17 deaths (EFSA and ECDPC 2016) . Most outbreaks were caused by bacterial agents (33.7% of all outbreaks), in particular Salmonella (21.8% of all outbreaks). Among Salmonella serovars, S. enteritidis and S. Typhimurium were the two most commonly reported, representing 63.0% and 16.3% of all Salmonella outbreaks, respectively (EFSA and ECDPC 2016) . In Canada it was estimated that non-typhoidal Salmonella accounted for ∼41% of 4 million cases of foodborne illnesses every year (Thomas et al. 2013) , and the annual cost of foodborne illnesses is enormous. According to statistics in America, Salmonella causes a loss of approximately US$3.3 billion, resulting from the destruction of contaminated food sources, loss of work productivity and increased health care costs (Hoffmann, Batz and Morris 2012) .
In recent years, non-conventional sterilization technologies, such as ultra-high hydrostatic pressure, pulsed electric field and thermosonication (TS), have gained great popularity due to their potential to produce products with a higher quality and a freshlike taste, and the need for less energy to operate (Li and Farid 2016) . TS is an emerging non-thermal sterilization technology, which combines ultrasound with a moderate heat treatment. The sterilizing mechanism of ultrasound is based on chemical (including effects of free radicals) and mechanical effects (Wu, Joyce and Mason 2012; Kentish and Feng 2014; Halpin et al. 2014) . Ultrasound enhanced the sensitivity of microorganisms to heat, pressure and low pH due to induction of acoustic cavitation and other changes in cell membranes (Bermúdez-Aguirre and Barbosa-Cánovas 2012). The microbial inactivation effects of TS were more effective and more energy-efficient than the use of ultrasound alone (Piyasena, Mohareb and McKellar 2003; Jabbar et al. 2015; Pinheiro et al. 2016) . Ultrasound combined with a peracetic acid treatment resulted in a 2.1 log CFU g −1 reduction in S.
enterica populations on strawberries (do Rosario et al. 2017 ). An ∼2.0 log cycle reduction in S. enteritidis numbers was achieved with sonication at 50
• C for 5 min, while a ∼1.0 log cycle reduction was obtained at 50
• C without the use of sonication (Kiang et al. 2013) .
The viable but non-culturable (VBNC) state is now widely accepted as an important survival strategy employed by many bacteria when exposed to unfavorable environmental conditions (Li et al. 2014) . VBNC cells are alive or metabolically active, but they lose their culturability in conventional culture media (Oliver, Dagher and Linden 2005; Oliver 2010 ), thereby impairing their detection by traditional plate counting techniques. Many studies have reported induction of the VBNC state in bacteria on exposure to unfavorable environmental conditions, including extreme temperature, oxidative stress, acid stress and nutritional starvation (Oliver 2010; Nowakowska and Oliver 2013; Zhang et al. 2015) . It has also been reported that Escherichia coli O157:H7 in a 0.85% NaCl solution (pH 7.0) was able to enter the VBNC state after a high-pressure CO 2 treatment at 5 MPa at 25, 31, 34 and 37
• C, despite high-pressure CO 2 being a non-thermal pasteurization technique . Indeed, the growth phases also affected the VBNC occurrence (Oliver, Nilsson and Kjelleberg 1991; Maalej, Denis and Dukan 2004) . However, VBNC bacteria regained culturability when growth conditions improved, e.g. due to the addition of Tween 20, sodium pyruvate or catalase, or due to a temperature increase (Oliver 2010; Zeng et al. 2013; Li et al. 2014) . For example, an induction of the VBNC state in E. coli was observed when exposed to 4
• C, and a resuscitation of cells occurred in minimal media supplemented with amino acids or after temperature increase (Pinto et al. 2011) . Many pathogens in the VBNC state are unable to initiate disease, but they can retain their virulence potential and initiate infection following resuscitation to an active metabolic state (Zhang et al. 2015) , and hence can pose a potential health risk. Therefore, it is important to study the VBNC incidence index in pathogenic bacteria and to examine conditions that cause resuscitation of cells after treatment with inactivation processing technology. Salmonella Typhimurium, as one of the most important foodborne pathogens worldwide, can enter the VBNC state on exposure to starvation (Caro et al. 1999 ) and low temperature conditions (Oliver, Dagher and Linden 2005) . For example, the VBNC state of S. Typhimurium was observed when cells were incubated at low (5
• C) temperature and exposed to a mixture of chlorine and chloramines (Oliver, Dagher and Linden 2005) . To the best of our knowledge, there is no report on induction of the VBNC state in S. Typhimurium by ultrasound or TS treatment. In our previous study on inactivating S. Typhimurium in beef peptone yeast (BPY) broth by TS treatment, the number of culturable counts decreased dramatically to undetectable levels at more than 52
• C, but an increase might be detectable by plate counting assay after storage at room temperature for some period. Based on the previous observations, we hypothesized that VBNC cells might be induced by the TS treatment and then resuscitated during storage. To test the idea, the effects of TS treatment on induction of the VBNC state in S. Typhimurium were investigated and the VBNC incidence indexes were quantified in this study. Factors affecting the subsequent resuscitation of cells were also examined. 
MATERIALS AND METHODS

Bacterial strain and growth conditions
TS treatments
The TS treatments were carried out on bacteria during different phases of growth (i.e. cultured at 37
• C for 5, 10, 17, 24 and 48 h) in BPY broth, apple/carrot juice, physiological saline (PS) and phosphate buffer solution (PBS, pH 7.0) at 53
• C for 30 min, with or without free radical scavenging agent (90.88 mM sodium pyruvate). An ultrasonic probe processor (Scientz-IID, Ningbo Scientz Biotechnology Co., Ltd, Ningbo, China) with a 6 mm micro tip diameter horn at an operating frequency of 20-25 kHz was used during experiments. Treatments were conducted in a pulsed mode (3 s on/off) with an input electric power of 40% maximum power (380 W). The ultrasound probe was submerged 20 mm below the surface of the sample, and the distance between the tip of the probe and the bottom of the vessel was 25 mm. In order to keep the temperature stable during ultrasound processing, each sample unit (60 ml) was contained in a double-walled cylindrical vessel in a surrounding water bath. Once the set temperature was reached, the ultrasound treatment began. In order to avoid contamination, the ultrasonic probe was soaked in 75% alcohol for at least 15 min, air-dried, and then irradiated under 20 W of UV light for 15 min prior to sample sonication. The doublewalled cylindrical vessel was soaked in 75% alcohol for at least 15 min, washed three times with sterile water, and then washed with untreated S. Typhimurium BPY broth suspension. At the end of the treatment, samples were collected immediately for RNA/DNA extraction. All treatments were performed in at least duplicate with three parallels of each duplicate. Samples of S. Typhimurium solution without TS treatment were used as controls (CK).
Bacterial viability detection with LIVE/DEAD BacLight kit
The untreated and TS-treated S. Typhimurium cells were dyed with a LIVE/DEAD BacLight kit (Molecular Probes Inc., Eugene, OR, USA) and visually detected using confocal laser scanning microscopy (LSM 710, Carl Zeiss AG, Oberkochen, Germany). There are two nucleic acid stains, SYTO 9 and propidium iodide (PI), in the kit. According to the manufacturer's instructions, SYTO 9 penetrates both intact and damaged cell membranes to combine with nucleic acids and gives green fluorescence, while PI only penetrates damaged cell membranes and competes with SYTO 9 for binding sites to give red fluorescence. Each 1 ml (or 25 ml) bacterial suspension was centrifuged at 10 000 g for 2 min to collect cells. The collected cells were washed and resuspended with 1 ml of PBS (0.50 M, pH 7.05). Each 1 ml sample was dyed with 3 μl staining solution (which was prepared by mixing SYTO 9 and PI in the volume ratio of 1:1) and then vibrated and incubated in the dark for 15 min at 37
• C, and finally visualized using confocal laser scanning microscopy.
Determination of viable and VBNC cells by RT-qPCR
The numbers of viable, total and VBNC S. Typhimurium were quantified by reverse transcription real-time quantitative polymerase chain reaction/real-time quantitative polymerase chain reaction (RT-qPCR/qPCR), according to the method of Jiang et al. (2013) with some modifications. Total RNA of S. Typhimurium was extracted using a Simply P Total RNA Extraction Kit (Bioer Technology Co., Ltd, Hangzhou, China). Genomic DNA was extracted using a TIANamp Bacteria DNA Kit (Tiangen Biotech Co., Ltd, Beijing, China). RNA samples underwent reverse transcription using the PrimeScript RT reagent Kit with gDNA Eraser (Takara, Kusatsu, Japan) immediately after RNA extraction. DNA and cDNA samples were stored at −20 • C prior to qPCR/RT-qPCR analysis. Gene invA (forward primer: 5 -ACAGTGCTCGTTTACGACC-3 , reverse primer: 5 -ACTGGTACTGATCGATAAT-3 ) was chosen for S. Typhimurium quantitative detection (Jacobsen and Holben 2007) . Reactions were performed using SYBR Premix Ex Taq II (Takara) to a final volume of 20 μl, including SYBR Premix Ex Taq II (Tli RNaseH Plus) 8 μl, with 10 μM forward primers (0.4 μl) and 10 μM reverse primers (0.4 μl), cDNA (2 μl) and RNase-free water (9.2 μl). qPCR analysis was performed using QuantiFast SYBR Green PCR (Qiagen, Frankfurt, Germany) to a final volume of 20 μl, including 2X QuantiFast SYBR Green PCR Master Mix (10 μl), 10 μM forward primers (0.6 μl) and 10 μM reverse primers (0.6 μl), DNA (2 μl), and RNase-free water (6.8 μl). Cycling conditions of both RT-qPCR and qPCR were as follows: 2 min at 95
• C, 35 cycles of 30 s at 94
• C, 30 s at 55
• C, and 30 s at 72 • C, followed by 10 min at 72 • C. Data acquisition and cycle threshold (C T ) value analysis were calculated automatically by Sequence Detection Software. The C T of each sample was then compared with a standard curve and the result was expressed as a numerical value of the number of bacteria in the sample. A sample without a template was used as a negative control. Reactions were done in duplicate and average values were taken. The standard curves were established with the C T values from RT-qPCR/qPCR and the corresponding numbers of culturable cells were determined by the plate counting method.
Samples were serially diluted in sterile physiological saline and plate counts were determined on BPY medium after incubation at 37
• C for 24 h. Standard curves were analyzed by Microsoft Ex-
The VBNC cell number of S. Typhimurium was calculated using the following formula:
VBNC cell number=viable cell number−culturable cell number
VBNC incidence indexes of S. Typhimurium were calculated with the following formula:
Resuscitation of the VBNC state in S. Typhimurium
The recovery method of Makino et al. (2000) was used with minor modifications. Suspensions of VBNC cells induced by TS treatments (53 • C, 30 min, 380 W) were harvested by centrifugation at 2730 g at 4 • C for 10 min. Cells were resuspended in fresh sterilized BPY broth and samples were serially diluted using BPY broth. VBNC cells were resuscitated using the following methods: (i) by addition of chemical reagents, 24.44 mM Tween 20 or 20 mM sodium pyruvate (the pH of broth was adjusted to 7.0), to the TS-treated samples, followed by culturing at 25
• C for 96 h and determining culturability by the plate count method, and (ii) by incubation at different temperatures (4 • C, 25
• C and 37
Culturable cell populations were counted using a gradient dilution technique whereby VBNC cells were cultured for 72 h on BPY agar at 37
• C.
RESULTS
Qualitative detection of bacterial viability
As displayed in Fig. 1A , a large fraction of S. Typhimurium cells at stationary phase emitted clear and strong green fluorescence, the observation indicating the entrance of SYTO 9 but the exclusion of PI in stationary cells, further indicating cell membrane integrity. The situation was completely different as TS-treated (at 53
• C and 380 W for 30 min) cells disappeared from view (Fig. 1B) . Considering the destruction of cells caused by TS treatment, the TS-treated sample was concentrated by 25 times.
The results showed a fraction of S. Typhimurium cells emitted red fluorescence resulting from damage of membrane while a few cells emitted green fluorescence demonstrating remaining viability (Fig. 1B) . Since culturable cells could not be detected by the plate counting method (not shown in Results) in this situation, cells in a VBNC state existed and were revealed by this qualitative detection method.
Effect of TS treatment time on induction of the VBNC state in S. Typhimurium
The RNA quality consisted of two aspects: its integrity and purity. As shown in Fig. 2 , two bands of 23S and 16S RNA were visible in the agarose gel electrophoresis profile, indicating RNA integrity. Total RNA extracts of S. Typhimurium were confirmed with the quality of OD 260/280 and OD 260/230 ratios more than 1.8 (data not shown). In addition, the number of untreated viable cells of CK samples detected by RT-qPCR was consistent with the number of culturable cells measured by the plate counting method (Fig. 3) . The results demonstrated that RT-qPCR combined with the plate counting method was reliable. The numbers of total, viable and culturable cells decreased on prolonged exposure to TS treatment at 53
• C and 380 W (Fig. 3) . The total cell counts decreased to levels of ∼10 5 CFU ml Effect of suspension media on induction of the VBNC state in S. Typhimurium Figure 4 shows the variations in total, viable and culturable counts of S. Typhimurium in BPY broth, apple juice/carrot juice, PS and PBS on exposure to TS treatment at 53
• C and 380 W for 30 min. The numbers of total cells were ∼5 log in all cases, the lowest being in PS, and the numbers of viable cells were at the same level in all cases. The numbers of culturable cells were all under the detection limit after TS treatment, indicating that all viable S. Typhimurium cells were induced into a VBNC state in BPY broth, apple/carrot juice, PS and PBS. The results demonstrated that there was no difference in the occurrence of the VBNC state in these five systems.
Effect of growth phase on induction of the VBNC state in S. Typhimurium
Incubation times of 5, 10, 17, 24 and 48 h represented logarithmic, stationary, mid-stationary, late-stationary and decline phases of the growth of S. Typhimurium, respectively. The growth phase of S. Typhimurium had an important influence on induction of the VBNC state (Fig. 5) . The different growth phases did not affect the number of total and viable cells; however, the culturable counts were affected by growth phase. The VBNC incidence indexes were 953. 05, 742.10, 434.57, 596.02 and 813.42 for S. Typhimurium cells treated with TS after incubation for 5, 10, 17, 24 and 48 h, respectively. The results indicated that logarithmic and decline phase cells were more sensitive to TS treatment than other growth phases, and induced the VBNC state more easily.
Effect of free radical scavenging agent on induction of the VBNC state in S. Typhimurium
The effects of sodium pyruvate, a free radical scavenging agent, on induction of the VBNC state in S. Typhimurium were investigated (Fig. 6 ). In the case of control samples without TS treatment (CK samples) there was no obvious difference between the total numbers of cells determined by qPCR, the numbers of viable cells determined by RT-qPCR, and the numbers of culturable cells, and quantitative detection of VBNC cells was possible. In the case of the TS-and TS + sodium pyruvate-treated samples, the populations of total cells were more than the viable cells, presumably due to the inactivation effect of TS and TS + sodium pyruvate. However, there was a noticeable effect of addition of sodium pyruvate on culturable cell counts. Culturable cells were under the detection limit after TS treatment, while 1.68 log CFU ml −1 culturable cells were detected after treatment with TS + sodium pyruvate. According to the difference between viable and culturable cells, the VBNC incidence indexes were 946.28 and 484.49 for TS-and TS + sodium pyruvatetreated samples, respectively. Based on these results and since sodium pyruvate is a radical scavenging agent, it can be presumed that the TS treatment produced free radicals, and free radicals played an important role in the induction of VBNC cells.
Effects of media on resuscitation of cells from the VBNC state
The effects of addition of sodium pyruvate and Tween 20 on resuscitation of VBNC cells of S. Typhimurium after TS treatment were evaluated (Fig. 7) . VBNC S. Typhimurium cells resuscitated at 6, 48 and 72 h after incubation with BPY broth + 20 mM sodium pyruvate, BPY broth alone and BPY broth + 24.44 mM Tween 20 at 25
• C, respectively. The results indicated that all the three incubation conditions helped VBNC cells to resuscitate, and sodium pyruvate accelerated, while Tween 20 reduced, resuscitation compared to BPY broth alone. In order to eliminate the recovery phenomenon from a small amount of undetectable culturable cells, a dilution method was used to evaluate resuscitation of cells from the VBNC state (Fig. 7B) . The initial culturable counts (10 0 ) increased at 48 h in BPY broth and at 72 h in BPY with added Tween 20, while there were no culturable counts detected for other dilutions. However, in the samples treated with sodium pyruvate, culturable colonies were detected after incubation for 1 day, and 8.84 log CFU ml −1 and 8.55 log CFU ml −1 culturable cells were detected in the 10 −1 and 10 −2 dilutions, respectively, after incubation for 72 h.
Effects of incubation temperatures on resuscitation of cells from the VBNC state
Incubation temperature had an important effect on resuscitation of VBNC cells of S. Typhimurium (Fig. 8) . VBNC cells induced by TS treatment returned to the culturable state more quickly when incubated at 37
• C than at 25 • C. There were 0.24 and 8.66
log CFU ml −1 culturable cells detected after incubation at 37
• C for 12 h and 24 h, respectively. In the case of samples incubated at 25
• C, no culturable cells were detected by plate counting at 24 h, and 7.7 log CFU ml −1 culturable cells were detected after 48 h. Therefore, the temperature of 37
• C was more suitable to resuscitate cells from the VBNC state. As shown in Fig. 8B , 
DISCUSSION
Sensitivity of S. Typhimurium to TS inactivation and induction into the VBNC state was related to growth phase and metabolic activity. It was observed that mid-stationary phase S. Typhimurium cells (incubated for 17 h) were more resistant to the TS treatment than other growth phases, with the lowest VBNC incidence index. Actually the numbers of viable cells were at the same level as total cells, but there were more culturable cells detected at mid-stationary phase than at other growth phases. It might be explained as follows. Salmonella Typhimurium cells were in an active stage of growth and had a relatively high metabolic activity after 5 h incubation and at logarithmic phase, and the TS treatment caused major destructive damage to S. Typhimurium cells. After 24 and 48 h incubation, S. Typhimurium cells were in late-stationary and decline phases, and their metabolic activities were slowed down. Therefore, they became more sensitive to the TS treatment. The result that logarithmic phase S. Typhimurium cells were induced into the VBNC state more easily than other phases is in agreement with the work of Oliver, Nilsson and Kjelleberg (1991) , who observed that logarithmic phase cells of Vibrio hydrophila were induced into the VBNC state more easily. However, Maalej, Denis and Dukan (2004) found that Aeromonas hydrophila was more easily induced into the VBNC state at stationary phase. Therefore, growth phase has an important effect on induction of the VBNC state in bacterial cells. The VBNC incidence index decreased after sodium pyruvate was added to samples during TS treatment. Sodium pyruvate is a free radical scavenging agent, and it can act directly as a scavenger of hydrogen peroxide (H 2 O 2 ) and activate pyruvate dehydrogenase (Gupta et al. 1998) . Since free radicals were produced during ultrasonic treatment by degrading water molecules (Piyasena, Mohareb and McKellar 2003; Soria and Villamiel 2010; Wu, Joyce and Mason 2012; Kentish and Feng 2014) , sodium pyruvate scavenged the free radicals with the result of decreasing VBNC incidence. It can be speculated that the production of free radicals during TS treatment was an important factor that affected the induction of the VBNC state in S. Typhimurium cells. It has also been reported that cells can be induced into the VBNC state by chemicals that produce free radicals. For example, H 2 O 2 was reported to induce the VBNC state of Salmonella Enteritidis Amano 2013, 2015) , and UV treatment also induced the VBNC state in E. coli and Pseudomonas aeruginosa (Zhang et al. 2015) . Our results are in accordance with those from previous studies in that production of free radicals is an important factor involved in inducing the VBNC state in cells Amano 2013, 2015; Zhang et al. 2015) . It was proposed that reactive oxygen species play a role in the formation of VBNC cells (Cuny et al. 2005) , and that oxidative stress response regulation may be involved in the initiation of the VBNC state (Pienaar, Singh and Tobias 2016) . However, the quantitation and characterization of the free radicals generated by TS and their relationship with VBNC incidence should be elucidated in the future. The VBNC state has been proposed to be a survival strategy of bacteria in response to various environmental stresses (Fu et al. 2014). Once the stress is removed or cells are incubated in more favorable conditions, some bacteria might regain their culturability (Dwidjosiswojo et al. 2011; Li et al. 2014) . The resuscitation of cells from the VBNC state by addition of sodium pyruvate has been reported. Morishige, Fujimori and Amano (2013) found that H 2 O 2 -treated cells of Salmonella Enteritidis in the VBNC state regained their culturability in M9 minimal medium containing sodium pyruvate. Resuscitation of cells from the VBNC state in Vibrio parahaemolyticus also occurred after incubation on agar media supplemented with sodium pyruvate (Mizunoe et al. 2000) . In the present work, resuscitation of the TS-induced VBNC state in S. Typhimurium was affected by incubation temperature, and resuscitation in BPY broth supplemented with sodium pyruvate was faster at 25
• C than at other incubation conditions (Fig. 7) . The result demonstrated that sodium pyruvate influenced the resuscitation of S. Typhimurium cells from the VBNC state induced by TS treatment. According to these results, free radicals might be produced during resuscitation of cells from the VBNC state in S. Typhimurium. Free radicals were detected during the growth of Lactobacillus acidophilus NCFM in a 1:1 mixture of brain heart infusion broth and de Man, Rogosa and Sharpe broth, as detected by electron spin resonance spectroscopy (Hougaard et al. 2015) . Further work is necessary in order to evaluate the relationship between the amount of free radicals and VBNC incidence index. The incubation temperature played a complex role in the induction and resuscitation of VBNC cells. On one hand, low temperature can induce the VBNC state of bacterial cells. It has been reported that 16 strains of Listeria monocytogenes obtained from seafood, a processing environment and clinical cases, entered into the VBNC state after starvation in a microcosm at 4
• C for 5-12 weeks (Lindbäck et al. 2010) . Both E. coli and S. Typhimurium exhibited a gradual drop in culturability and entered into the VBNC state within 60-80 days after incubation at 5
• C (Oliver, Dagher and Linden 2005) . Incubation temperature also affects resuscitation, and a temperature increase may allow the resuscitation of VBNC cells induced by low temperature, through eliminating the existing stress (Li et al. 2014) . High temperatures, including sub-lethal or lethal temperatures of 51-57
• C, can also induce the VBNC state in bacterial cells during TS treatment (data not shown in this study). Moderate temperatures, ranging from room temperature to the optimal growth temperature of bacteria, do not stress or act as bactericidal factors for most bacteria, and would not induce the VBNC state of bacteria. Considering temperature is an important factor affecting the growth of bacterial cells, moderate temperature, especially the optimal growth temperature, was suggested to be a resuscitation promotion factor. It was observed that VBNC cells of S. Typhimurium induced by TS treatment regained culturability more quickly at 37
• C than at 25
• C. This result is similar to the findings of Pinto et al. (2011) who reported increased resuscitation of E. coli cells from the VBNC state at 37
• C compared to 25 • C after prolonged exposure to 4 • C. It seemed that the resuscitation process resulted from easier repair of VBNC cells at optimal growth temperature, since it was in a sub-lethal injury that occurred in VBNC cells. The presence of the VBNC state in S. Typhimurium cells after TS treatment is noteworthy as TS was thought to have bactericidal properties. If TS induced the VBNC state in pathogenic bacterial cells during the processing of foods, it would pose a notable food safety and public health risk due to the fact that VBNC cells can resuscitate under suitable conditions, such as optimal growth temperature and elimination of free radicals. More effective viability-detecting methods need to be developed and employed in practice and used in countermeasures for avoiding VBNC in the future. Further work is required to fully understand the food safety risks from the induction and resuscitation of VBNC cells in foods. It has been observed that for resuscitation, a time window of days to weeks may exist. It would have been interesting to see after what time of resting in the VBNC state the cells could be resuscitated. This is particularly important as in the context of VBNC, resuscitation is the crucial point for practice and putting the cells permanently into VBNC would be sufficient for food safety. Furthermore, the virulence of resuscitated cells and their product of metabolism should be studied in the future.
